Objective: This study investigates the effect of fever-range hyperthermia on Gln-starving monocytes and the role of the 70-kDa heat shock protein Hsp70. Summary Background Data: Fever is a protective acute-phase response to infection. However, in critically ill patients, the harmful effects of fever seem to be predominant. Critical illness is frequently associated with reduced plasma glutamine (Gln) levels, which contribute to the immune suppression in these patients due to impaired monocyte function. Methods: Isolated monocytes were suspended in Gln-depleted medium and exposed to 41°C. Cell survival was determined by an MTT-based assay, and phagocytosis of Escherichia coli was measured by flow cytometry. Expression of Hsp70 was determined by Western blot. Results: Hyperthermia for 300 minutes strongly decreased the viability of Gln-depleted monocytes (85%), whereas it had only a moderate effect on Gln-supplied cells (45%, P Ͻ 0.05). Shorter treatments (45 minutes) of Gln-starving monocytes had almost no effects on viability but decreased the phagocytosis activity by 30.8%. In addition, the expression of Hsp70 was inhibited almost completely. Conclusion: These data show that Gln-starving monocytes have a reduced thermoresistance. This suggests that elevated body temperature damages monocytes in critically ill patients with reduced plasma Gln-levels possibly via an inhibition of the cytoprotective protein Hsp70. (Ann Surg 2005;241: 349 -355) 
F or thousands of years fever was considered a protective response, and physicians induced fevers to combat infections. When antipyretic drugs were introduced, physicians started to reduce fever, and induction of fever was virtually abandoned. However, fever is not a breakdown or failure in the body's ability to thermo-regulate. Rather, fever is a highly coordinated response modulated by many hormones and cytokines. When activated by invading microorganisms, tissue macrophages produce high amounts of interleukin-1 (IL-1), which acts as an endogenous pyrogen able to induce a febrile response. In addition to IL-1, also IL-6, tumor necrosis factor (TNF), prostaglandins, and other pro-inflammatory mediators have been found to induce fever. In contrast, arginine, vasopressin, alpha melanocyte stimulating hormone, glucocorticoids, eicosanoic acid, and cytokines such as IL-10 act as endogenous antipyretics. 1 In the course of febrile response, the set-point of the thermoregulatory center in the hypothalamus is up-regulated, which leads on one hand to increased heat production and on the other hand to a reduction in loss of heat.
Increased body temperature in the range of 38°C to 41°C amplifies leukocyte-based response to infection: it leads to enhanced mobility of leukocytes, enhanced lymphocyte response to mitogens, increased production of interferon, and enhanced immune response to viral antigens (for review, see Kluger et al 2 ). These effects are irrespective of the origin of temperature increase, whether it is due to a febrile response or to exogenously applied heat. Thus, the fever-range hyperthermia experienced by the immune cells seems to be decisive. In a recent study, we could show that fever-range whole-body hyperthermia leads to stimulation of monocytes. 3 Human healthy volunteers were immersed in warm water (39.5°C) to increase their body temperature (39°C). This led to an increase in the expression of CD14 (endotoxin receptor) and CD11b (complement receptor), and a reduction in CD62L (selectin receptor) on monocytes. In addition, monocytes isolated from warmed subjects showed an increased lipopoly-saccharide (LPS)-induced release of TNF-␣. These data show that fever-range hyperthermia has a stimulating effect on immune cells in vitro as well as in vivo. Correspondingly, clinical data from numerous studies include evidence of both beneficial effects of fever and harmful effects of antipyretic therapy on the outcome of non-life-threatening infections. 4 However, in patients with severe infections and sepsis, the results are contradictory. In most severely ill patients, fever cannot be associated with any improvement. However, patients with the lowest disease acuteness showed a feverassociated increase in survival by 86% (reviewed by Hasday et al 5 ) . This suggests that the benefits of fever may be limited to patients with less severe disease and might even be harmful in critical illness. The beneficial effects of elevated temperature on leukocyte function seem to be not sufficient in these patients to prevail against the negative effects. The molecular background, however, is poorly understood.
About 20 years ago, we found a marked muscle depletion of the free amino acid glutamine (Gln) in septic patients that correlated with poor survival. 6 Numerous subsequent studies showed that Gln levels in skeletal muscle as well as in plasma are strongly reduced in critical illness and that this is associated with a worse prognosis of the disease. 7 Gln is the most highly concentrated free amino acid in the plasma (600 mol/L) and plays an important role as a carrier of nitrogen, carbon, and energy between organs and is used for hepatic urea synthesis, for renal ammoniagenesis, and for gluconeogenesis in both liver and kidney. Although most tissues have the ability to synthesize Gln, it can be used as a major respiratory fuel by only a few tissues that express sufficient levels of glutaminase such as liver, kidney, intestine, lymphocytes, and monocytes (for review, see Oehler and Roth 8 ). It has been shown that during critical illness when the plasma Gln level decreases to 200 mol/L, enterocytes, lymphocytes, and monocytes suffer from Gln starvation. Gln-starving monocytes show remarkable changes in their function. Lowering Gln in vitro reduces antigen and HLA-DR presentation, 9 and diminishes cytokine production. 10 Thus, maintaining Gln levels at 600 mol/L seems to be essential for monocyte energy status as well as for their function and is therefore important for the inflammatory response.
Almost all cells express in response to hyperthermia a group of proteins, the heat shock proteins (Hsp), which help to repair cell damage. The most heat-inducible protein is Hsp70 of the 70-kDa heat shock protein family. It is well known that Hsp70 expression provides cells with elevated thermoresistance, 11 and previous publications showed that it plays an important role in monocytes during phagocytosis. 12 Many researchers have found that Gln can enhance stressinduced Hsp70 expression in vitro and improve cell survival against a variety of stressful stimuli. 13 In 2001, Wischmeyer et al found that a single dose of intravenous Gln causes a rapid increase in Hsp70 expression in multiple organs of unstressed rat. 14 This induction protected animals against endotoxin shock. Thus, Gln appears to be a clinically viable enhancer of Hsp70 expression. The present study investigates whether there is an interrelationship of the predominately negative effects of fever in critically ill patients with the reduced availability of Gln under these conditions. Therefore, we exposed isolated monocytes to fever-range hyperthermia together with Gln starvation. We could show that Gln starvation increases the susceptibility of monocytes to heatmediated cell damage. In addition, we investigated the role of the stress protein Hsp70 in this context.
MATERIALS AND METHODS

Isolation and Culture of Monocytes
Peripheral blood mononuclear cells (PBMCs) were isolated by standard Ficoll-Paque (Pharmacia, Uppsala, Sweden) gradient centrifugation from heparin treated blood from healthy donors. Obtained PBMCs were washed with phosphate-buffered saline without calcium and magnesium, containing EDTA (2 mmol/L). Isolation of monocytes was performed by depletion of nonmonocytic cells with an indirect-magnetic-labeling monocyte isolation kit from Miltenyi Biotech (Bergisch Gladbach, Germany). For the depletion of nonmonocytic cells (natural killer cells, B cells, dendritic cells, and basophils from PBMCs), PBMCs were indirectly magnetically labeled using a cocktail of hapten-conjugated CD3, CD7, CD19, CD45RA, CD56, and ant-IgE antibodies as well as MACS magnetic Micro Beads coupled to an antihapten mAb. The magnetically labeled cells were removed from the sample by retaining them on a MACS column in a magnetic field (Midi-MACS, Miltenyi Biotec). Isolated cells contained at least 90% CD14-positive monocytes, as shown by their morphology and phenotype analyzed by Flow Cytometry (Epics XL, Coulter, Miami, FL). After isolation, monocytes were allowed to rest over night in phenol red-free RPMI 1640 medium (2 ϫ 10 6 /mL) supplemented with 2 mmol/L L-Gln and 10% human serum type AB (Sigma, St. Louis, MO) at standard culture conditions (37°C, 5% CO 2 ). To avoid adhesion monocytes were cultured in gas-permeable Teflon-coated culture dishes (Vivascience, Hannover, Germany). The study has been approved by the local Ethics Committee.
Gln Starvation and Fever-Range Hyperthermia
Monocytes were washed twice in cold phosphate-buffered saline and resuspended (4 ϫ 10 6 /dish) in complete or Gln-depleted medium. For Gln depletion, we used the standard medium without Gln supplementation. In a previous study, we could show that this medium contained still 0.06 mmol/L Gln, which originates from serum. 9 The complete medium, in contrast, contained 2.0 mmol/L Gln. After medium change, cells were allowed to rest for 1 hour at standard culture temperature (37°C). For hyperthermic treatment, cells were exposed to 41°C from 30 minutes to 300 minutes.
Monocytes were then cultured for at least 4 hours and 15 minutes at standard temperature for recovery.
Morphologic Studies and Cell Survival
Monocytes were treated as indicated and examined under the light microscope (Olympus, Hamburg, Germany). Representative and typical visual field were then photographed by the PM20 automatic microphotography system (Olympus).
Cell survival measurements were based upon the reduction of the tetrazolium salt 3,͓4,5-dimethylthiazol-2-yl͔-2,5-diphenyltetrazolium bromide (MTT) by viable cells. This assay detects any reduction of viability independently whether it is due to apoptosis or necrosis. A commercially available assay kit was used (EZ4U-kit, Biomedica, Vienna, Austria), and the measurements were performed according to the description of the manufacturer. Briefly, cells were treated as indicated and 100 L cell suspensions were placed in a 96-well plate. Then 12.5 L of dye substrate was added, and after incubation for 3 hours at 37°C the absorbance was measured in a microtiter plate reader.
Western Blot Analysis and Sample Preparation
Cells were lysed in a hypotonic lysis buffer (10 mmol/L Tris-HCl, pH 7.8, 1 mmol/L EDTA, 10 mmol/L KCl, 0.3% Triton X-100, protease inhibitor cocktail from P2714 Sigma, 1 mmol/L phenylmethylsulfonyl fluoride). After homogenization, the cell lysate was collected and clarified from the nuclei by centrifugation. 10 g of cell lysate per lane was separated on a 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane by electroblotting. Expression of specific proteins was revealed with mouse antibodies against human inducible Hsp70 (SPA 810, Stressgen, Victoria, Canada) or against ␤-actin (Sigma). Bound antibodies were detected with a peroxidase-conjugated anti mouse IgG antibody (Sigma) in the presence of SuperSignal substrate (Pierce, Rockford, IL).
Phagocytosis and Flow Cytometry
Monocytes (8000/L) were placed in polypropylene tubes and heat treated as indicated. Twelve minutes before end of recovery time, 20 L (2 ϫ 10 7 ) FITC-labeled Escherichia coli (Orpegen, Heidelberg, Germany) was added to the monocytes. Incubation time for phagocytosis and monocyte/bacteria ratio (1:25) was chosen in accordance with the instruction manual of Orpegen Phagotest. Immediately after phagocytosis the monocytes were placed on ice and incubated with CD14 antibody (Beckman Coulter, Krefeld, Germany) for at least 15 minutes. Phagocytotic activity was analyzed by using a Flow cytometer (Epics XL, Beckman Coulter). Cells were determined as phagocytotic positive monocytes according to a positive PE (CD14) and FITC (E. coli) signal.
Statistical Analysis
To evaluate the statistical significance of the influence of Gln depletion on the various measured parameters, we used a Student's t test and defined all changes with a P value below 0.05 as significant. Curves in Figure 2 were calculated on the basis of the mean value of 3 independent experiments using Boltzman equation for fitting of sigmoidal curves (Width͓dx͔ was always Ͻ 6.00).
FIGURE 1.
Effect of hyperthermia on the morphology of Glnstarved and -nonstarved monocytes. Monocytes were isolated and cultivated overnight at standard culture conditions. Then cells were suspended in Gln-depleted medium or standard medium, incubated at 37°C for 1 hour, and exposed for 45 minutes to hyperthermia (41°C) or kept at 37°C. Subsequently, cells were put at 37°C, cultured for 4 hours and 15 minutes for recovery, and examined microscopically. The shown pictures represent typical visual fields of 2 independent experiments that were performed in duplicates (original magnification ϫ100). The inserts in the lower right corner show an enlargement of a part of the corresponding picture (original magnification ϫ400).
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RESULTS
Influence of Hyperthermia on Morphology and Viability of Gln-Starving Monocytes
To investigate the effect of fever-range hyperthermia on immune cells, we exposed isolated monocytes to 41°C. Such a temperature can be frequently observed during severe fever. 15 Isolated monocytes were exposed to 41°C for 45 minutes and allowed to rest for 4 hours and 15 minutes at 37°C. As shown in Figure 1A , such a hyperthermic treatment had no major microscopically visible effects on monocytes. Also, the number of monocytes was unaffected as revealed by cell counting in 2 independent experiments. To mimic the metabolic challenge to which monocytes are exposed in critically ill patients, we transferred monocytes in a Glndepleted medium and incubated them at 37°C. This treatment had neither an effect on monocyte morphology nor on cell count. However, when Gln-starving monocytes where confronted to hyperthermia, they show a strongly modified morphology ( Fig. 1B, right panel) . They adhere to each other forming cell cluster. It was not possible to determine the exact cell number in these clusters. Therefore, we collected the cells and measured protein content by a Bradford assay. The result was used as a measure for monocyte counts. The comparison to the protein content of the other treatment groups revealed that heat treatment of Gln-depleted monocytes results in a reduction to 55% of untreated and nondepleted control cells. In contrast, neither Gln depletion nor heat treatment alone had a significant effect (93% and 103%, respectively). Thus, double challenge by Gln starvation and hyperthermia has severe effects on monocytes, whereas each single challenge alone does not.
To evaluate whether the observed morphologic changes in double-stressed monocytes are related to cell damage, we determined the influence of hyperthermia and Gln starvation on cell viability. Isolated monocytes were exposed to 41°C for up to 300 minutes. Cell damage induced by such a heat treatment leads to apoptosis or even to necrosis. However, early apoptosis might not be detectable immediately after heat treatment. But any heat-induced apoptotic or necrotic event results in a reduction in number of viable cells within 24 hours. Therefore, we replaced cells after heat treatment to 37°C for 24 hours and measured cell viability with an MTT-based assay. This approach enabled us to detect any reduction in cell viability independently whether it is due to apoptosis or necrosis. As shown in Figure 1 , exposing monocytes to 41°C for up to 60 minutes had only minor effects on their viability independently of the presence of Gln. Nonstarved monocytes incubated at 41°C for 240 to 300 minutes, however, showed a decrease in viability to 55% Ϯ 20% and 45% Ϯ 22%, respectively. This negative effect of prolonged hyperthermia was much more pronounced in Gln-starving monocytes (P Ͻ 0.02). Their viability was reduced to 35% Ϯ 3% after 240 minutes hyperthermia and to 14% Ϯ 4% after 300 minutes. These data clearly show that Gln-starved monocytes are much more susceptible to the negative effects of hyperthermia than sufficiently supplied cells. Gln depletion leads already after short hyperthermic episodes to remarkable changes in morphology and reduces cell survival at prolonged hyperthermia.
Influence of Hyperthermia on Phagocytosis rate of Gln-Starved Monocytes
It remains to be questioned whether the microscopic changes observed after short hyperthermia are associated with alterations in cell function. To characterize the influence of hyperthermia under Gln-depleted conditions on monocyte function, we studied the phagocytic activity. Isolated monocytes were exposed to 41°C for 45 minutes and replaced to 37°C for 4 hours and 15 minutes for recovery. Twelve minutes before the end of recovery, FITC-labeled E. coli were added (monocytes: bacteria ϭ 1:25) and phagocytosis of CD14-positive cells measured by flow cytometry. We found no influences of hyperthermic treatment on phagocytic FIGURE 2. Influence of hyperthermia on viability of Glnstarved and -nonstarved monocytes. Monocytes were suspended in Gln-depleted medium or standard medium, incubated at 37°C for 1 hour, and then exposed to 41°C for different times (from 30 up to 300 minutes). Subsequently, cells were allowed to rest for 24 hours at 37°C, and the rate of viable cells was determined by an MTT base assay. Gln starvation alone had no effect on survival. The graph indicates the mean value of 3 independent experiments expressed in percentage of untreated control, which was kept at 37°C during the whole experiment. The open symbols indicate Gln-starved cells, whereas the filled symbols represent cells that were suspended in complete medium. Error bars indicate standard deviations, and the P values were calculated by a Student's t test (*P Ͻ 0.05; ** P Ͻ 0.01).
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Annals of Surgery • Volume 241, Number 2, February 2005 activity in nonstarved monocytes (with hyperthermia, 57% Ϯ 6%; without hyperthermia, 58% Ϯ 5%; n ϭ 4). Figure 3 shows typical results. Similarly, there was no influence of Gln starvation on phagocytosis (standard medium, 57% Ϯ 6%; Gln-depleted medium, 56% Ϯ 7%; Fig. 3B, lower panel,  left) . However, the combination of both hyperthermia and Gln starvation showed a significant decrease in phagocytosis from 56% Ϯ 7% to 45% Ϯ 1% (P Ͻ 0.05). These results show that Gln depletion affects monocyte function at elevated temperatures even before cell viability is affected.
Heat-Induced Hsp70 Expression in Gln-Starved Monocytes
We examined the capacity of monocytes to express Hsp70 in response to elevated temperatures by Western blot. Hyperthermic treatment of nonstarved monocytes showed, as expected, a strong induction of the expression of Hsp70 (Fig.  4 ). This increase let to an approximately threefold higher Hsp70 level (277% Ϯ 64%) in heat-treated monocytes in comparison with untreated control. The picture was com-pletely different in Gln-starved cells. The Hsp70 expression was remarkably lower in untreated Gln-starved monocytes (40% Ϯ 12%) than in nonstarved cells. When we exposed Gln-starved monocytes to hyperthermia, we could find only a slight increase in Hsp70, and the expression remained below the untreated nonstarved control (73% Ϯ 17%). These data clearly show that Gln starvation of monocytes inhibits expression and induction of the protective protein Hsp70.
DISCUSSION
The present study investigated the effect of fever-range hyperthermia on Gln-starving monocytes. It could be shown that one stress situation alone, hyperthermia or Gln starvation, has only mild effects on monocytes. However, when applied simultaneously, monocytes show a decrease in function and survival, suggesting that fever-range hyperthermia has negative effects under Gln-depleted conditions. Isolated monocytes cultured in complete medium survived incubation at 41°C for up to 60 minutes without any FIGURE 3. Effect of hyperthermia on phagocytotic activity of Gln-starved and -nonstarved monocytes. Monocytes were suspended in Gln-depleted medium or standard medium, incubated at 37°C for 1 hour, and then exposed to 41°C for 45 minutes. Afterwards, cells were put at 37°C for 4 hours and 15 minutes for recovery. Twelve minutes before the end of the recovery time, 
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Glutamine Depletion Increases Thermo-sensitivity significant effect. They showed a modest reduction of viability only when hyperthermia lasted 120 minutes or longer. This is in accordance with a previously published study in which we confirmed that monocytes in whole blood as well as isolated monocytes can survive 41°C ex vivo for up to 2 hours without major negative effects on their viability. 16 Similar hyperthermic treatment of monocytic THP-1 cells at 42°C for 2 hours was found to increase the activity of the TNF-␣ promotor 2.4-fold in unstimulated and even 7.2-fold in LPS-stimulated cells. 17 Thus, hyperthermic exposure seems to stimulate monocytic activity. Accordingly, we could show that whole-body hyperthermia of healthy volunteers increases the LPS-induced TNF-␣ production of monocytes. 3 In addition, the expression of the endotoxin receptor CD14 and the complement receptor CD11b was augmented, whereas the expression of the selectin CD62L was downregulated. Whole-body hyperthermia of BALB/c mice just after intraperitoneal administration of LPS increases serum concentrations of TNF-␣ and IL-6. 18, 19 These data indicate that a fever-range increase in temperature is able to stimulate monocytes and leads thereby to an enhancement of the immune response. However, the cellular response depends on the intensity and duration of hyperthermia. Prolonged in vitro hyperthermic treatment (40°C for 18 hours) of human macrophages derived from peripheral blood monocytes leads to a reduction in LPS-induced TNF-␣ secretion, whereas IL-6 production remains unaffected. 20 Thus, hyperthermia clearly affects the monocytic response to bacteria and bacterial compounds, but the regulatory effect depends on the level and time frame.
Gln depletion for only a few hours, as applied in the present study, seems not to have detectable adverse effects on cell function and viability. However, we showed recently that such a short-term Gln deprivation is sufficient to reduce intracellular ATP and proteasome-mediated protein degradation. 21 Prolonged Gln starvation over days was shown to reduce strongly phagocytosis and to down-regulate HLA-DR expression. 9 Thus, Gln starvation is certainly a stressful event for monocytes, which might be not microscopically apparent if Gln is reduced only for a short time. When Gln-starving monocytes are additionally exposed to hyperthermia, they changed their morphology and formed aggregates. In addition, cell function and survival are impaired. They showed a strongly reduced thermoresistance: 85% of Gln-starved cells don't survive 41°C for 300 minutes, whereas more than 50% of cells cultured in complete medium survive this treatment. Although shorter hyperthermia had no effect on survival of Gln-deprived cells, it was sufficient to impair their function. Gln-starving monocytes exposed for only 45 minutes to 41°C are only able to phagocyte two thirds of sufficiently supplied cells. These data clearly show that a fever-range increase in temperature is well tolerated by monocytes under normal conditions. However, when they are additionally exposed to Gln starvation, they are highly susceptible to hyperthermia. Gln is under normal healthy conditions readily available for monocytes in the blood flow. During critical illness, patients suffer frequently from catabolic state and muscle wasting. The demand for amino acids especially for Gln increases and exceeds the synthesis from the skeletal muscle. This leads to a reduction of plasma Gln level from 600 down to 200 mol/L. Monocytes belong together with lymphocytes and enterocytes to the few Gln-utilizing cells in the body. In vitro studies showed that prolonged Gln starvation leads to numerous negative effects on monocytes, including reduced cytokine production, antigen presentation, and protein expression (summarized by Oehler and Roth 8 ). Accordingly, reduced plasma Gln concentration is associated with a decrease in HLA-DR expression and in LPS-induced TNF-␣ release in critically ill patients undergoing elective surgery. Correcting plasma Gln levels by Gln supplementation diminishes these FIGURE 4. Influence of hyperthermia and Gln starvation on expression of Hsp70. Monocytes were suspended in Gln-depleted medium or standard medium, incubated at 37°C for 1 hour, and exposed for 45 minutes to hyperthermia (41°C) or normal temperature (37°C). After a recovery time of 4 hours and 15 minutes at 37°C, cells were harvested and cytosolic proteins were extracted. Proteins were separated by SDS-PAGE and analyzed by Western Blot using specific antibodies against Hsp70 and against ␤-actin for loading control. A, Typical Western blot. B, Statistical evaluation of 3 independent experiments. Hsp70 expression in each sample was quantitated by densitometry. The graph indicates the mean value Ϯ SD expressed in percent of the untreated control (complete medium without hyperthermia).
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Annals of Surgery • Volume 241, Number 2, February 2005 effects. 22,23 Accordingly, Gln supplementation was shown to reduce the rate of infectious complications and to shorten hospital stay in a number of critical disease states, including sepsis, major surgery, multiple trauma, and bone marrow transplantation. 7 This suggests that maintenance of physiologic plasma Gln levels has immunostimulatory and advantageous effects in critically ill patients. While mild fever is well tolerated and exhibits protective effects in most patients, it has adverse effects in critically ill and ICU patients. Retrospective studies of the influence of fever on survival in bacterial infections showed that the beneficial effect of fever decreases with the acuity of the disease. Administration of the antipyretic drug acetaminophen in patients with E. coli 24 and Pseudomonas aeruginosa 25 sepsis improved the clinical outcome. This showed that fever might be harmful just in critically ill patients with reduced plasma Gln. The current study suggests that the negative effect of fever in these patients is at least in part due to the reduced thermoresistance of monocytes during Gln depletion. It is well known that thermoresistance of cells is mediated by heat shock proteins, mainly by Hsp70. We found that Gln starvation of monocytes leads to a reduction of Hsp70. In addition, the ability of these cells to increase Hsp70 expression in response to heat shock is strongly impaired. A similar negative effect of Gln depletion on Hsp70 was also observed in lymphocytes. 26 As mentioned above, lymphocytes also use Gln as an energy substrate. Thus, the molecular mechanism of the Gln dependence of Hsp70 expression might be similar as in monocytes. However, monocytes express much more Hsp70 than lymphocytes and Hsps are supposed to protect them against their own cytotoxic mediators, which are produced during phagocytosis and respiratory burst. 16 Therefore, we propose that the negative effect of Gln depletion on Hsp70 expression is more important in monocytes than in lymphocytes.
Taken together, the present study showed that Gln depletion of monocytes, as it occurs during critical illness, makes these cells more susceptible to the harmful effects of fever-range hyperthermia. This decrease in thermoresistance seems to be mediated by an impaired expression of the cytoprotective protein Hsp70. Based on these results, we hypothesize that, at reduced plasma Gln levels, fever may be harmful clinically; and if Gln is provided sufficiently, the "benefits" of fever would be restored. However, clinical studies are needed to confirm or refute this.
